In teaching structural geology, I have found it useful to design cartoon metaphors intended to quicken the grasp of meaning of terms, processes, and concepts. Structural geology places strong emphasis on deducing three-dimensional (3-D) forms and how they evolve. Visual metaphors ease students from the ordinary and familiar to the more abstract and unfamiliar. Cartoons can convey understanding in seconds. Analysis of the 67 visual metaphors in Structural Geology of Rocks and Regions shows that they are classified into a hierarchy of types, from simple literal metaphors to higher-order kinematic and dynamic metaphors. Most of these occur in chapters that present fundamentals; these chapters contain the least descriptive, most abstract materials. The visual metaphors aid student learning in unfamiliar territory. The basis for how this works is illuminated by theories of certain cognitive scientists, linguists, and psychologists who increasingly emphasize that conceptual metaphors are fundamental modes of thought, not just modes of language. Our minds continuously integrate vital relations from diverse scenarios, and this is what allows us to see connections between the familiar and the unfamiliar. The most powerful metaphors are analogical comparisons of relationships between objects, not simply literal comparisons of attributes of objects. In this study, the kinematic metaphors appear to be the most effective in grounding 3-D visualization. They express incremental movement and change. When kinematics of development of 3-D forms is grasped, it becomes easier to visualize the complete 3-D forms, even when only small bits of the final forms can be observed. 
POINT OF DEPARTURE
Across the geosciences, specialty conferences and symposia are the rule, not the exception. Even interdisciplinary sessions are normally framed within a rather tightly prescribed interdisciplinary context (e.g., earth and/or ocean and/or atmospheric sciences). By this standard, the 2013 AAPG Hedberg Research Conference on 3-D Structural Geologic Interpretation was quite exceptional, for it crossed geosciences, cognitive science, and computer science. Moreover, it brought together colleagues from academia, industry, and business. Participants subscribed to the fundamental proposition of the conference: threedimensional (3-D) spatial cognitive skills are a critical and distinct class of intellectual skills that have immense bearing on recognizing and interpreting geological forms and applying geologic knowledge.
Over the decades, faculty who teach structural geology and related mapping and tectonics disciplines have continuously struggled with delivering material to students in such ways that more students more frequently grasp 3-D geometric relationships. It is a challenge. Teachers of structural geology understand, through experience, that some students see 3-D much more clearly than others, so much so that reaching all students seems beyond our capacities. Thus we generally hammer away with yet more exercises and examples. Structural geology leaders in the petroleum industry place high premium on 3-D thinking, yet they emphasize that 3-D talent is perpetually in relatively short supply in comparison to needs in this highly competitive business and discovery landscape. Given the shared concerns crossing academia and industry, it is natural to ask: (1) Can colleges and universities do a better job in imparting 3-D talent to geosciences majors? If so, how? (2) Can exploration and research divisions in industry do a better job in developing greater 3-D talent, in-house, through special training? If so, how? The conveners of the conference took steps not normally taken, deferring the above-framed questions and asking instead more fundamental questions: Can cognitive scientists help us understand the wellspring for effective 3-D visualization? And, on this basis, can we learn how to create more effective environments for enhancing 3-D thinking?
The invitation I received to participate in the conference compelled me, for the very first time, to probe why the use of visual metaphor in structural geology seems so effective in introducing new, unfamiliar, commonly abstract or complex topics, many of which are relatable to 3-D visualization. The conference, in a certain way, gave me license to do this, even though I recognized that my efforts would be akin to a cognitive scientist, lacking geologic background, entering the literature of structural geology. When I began writing the very first edition of Structural Geology of Rocks and Regions (Davis, 1984) , I found that I just had to embed cartoons (i.e., visual metaphors) into the text in the same manner that I was accustomed to doing in lectures. Easing into a topic, I found it useful in lectures to play off familiar every day objects with less familiar geological objects. For example, I enjoy explaining the basic intellectual framework for detailed structural analysis (Turner and Weiss, 1963) by recounting a late-night frozen-pizza experience (back in the late 1970s) in which pepperoni were out of place due to some quasi-tectonic event (Figure 1 ). Fifteen minutes of analysis framed around cartoon maps and cross sections is all it takes for students to grasp the steps and stages of detailed structural analysis. Decades ago, when my students learned that I was working on a textbook, I heard repeatedly, and with an uncommon sense of urgency to include the pizza. To paraphrase explanatory material from the text (Davis et al., 2012, p. 9-10) , "In most respects this was a normal pizza, but I soon noticed that two slices of pepperoni overlapped in low-angle (overthrust) fault contact near one edge of the pizza, and that two pepperoni-sized circular depressions were evident on the opposite edge. . . . I determined displacement vectors for each pepperoni, speculated on magnitudes of vertical-axis rotation for each pepperoni, and then cautiously moved into interpretation of mechanics and dynamics. . . . Each of the two now-displaced pepperoni, under the influence of gravitational forces, might have been vulnerable to translation along the low-viscosity tomato sauce discontinuity. Each would have ceased moving when it encountered the frictional resistance of the pepperoni that it now overrides." And so it goes.
In the 3rd edition of Structural Geology of Rocks and Regions, visual metaphors now number ~67. I use them to reveal how structural geologists think as they attack systems of structures within the Earth's crust. Illustrator David Fischer transformed my designs, sketches, and word pictures along with those of my colleague authors Steve Reynolds and Chuck Kluth, into cartoons in all three editions (Davis, 1984; Davis and Reynolds, 1996; Davis et al., 2012) . His artistic and creative talents, and his 3-D visualization skills, are quite extraordinary. Even without geological training, he grasped the concepts and objectives instantaneously. With subtle, nuanced, brilliant adaptations he transformed drafts into published forms that captivate attention, deliver insight, and make learning more fun. An example of this is presented in Figure 2 , where I wished to feature a parking lot as an analogue for crystal-lattice structure. The objective is for students to quickly grasp the several definitional categories of point defects in the atomic structure of crystals: namely, vacancy defects, where an atom is missing from one of the lattice sites; impurity defects, where an atom, which is not supposed to be in the crystal, occupies a regular atomic site by substituting for the atom that should be there; and interstitial defects, where an atom occupies a site in the crystal structure where there is normally not an atom. Cognitive that it once did, but illustration remains one of the most effective tools for education.
An illustrator is not really an artist, though many illustrators are artists when they are not being illustrators. An artist explores a subject or medium of his or her own choice, at a pace and depth set by the artist. An illustrator applies similar skills to solving a visual problem set by someone else, trying to communicate as simply and effectively as possible a concept he or she may know very little about. In addition to artistic skills, an illustrator must have the ability to organize and prioritize visual information, and the ability to create a mental picture that can be rotated and manipulated to select the most effective viewpoint. In addition, the presentation of complex intellectual information must still have an emotional key so it can be remembered when it is needed. What seems to be mind-numbing complexity to most becomes an exciting challenge to the illustrator.
When I taught graphic design and illustration, I would begin each semester with by telling the students that I could show them what good design is, and I could tell them how I would solve a design problem, but I could not make them a designer. There were usually one or possibly two people in each class who really could bring the pieces together, but it was clear that their underlying ability came with them before they ever got to class, and that their education allowed them to direct and control that ability toward practical use.
Clearly, there is a certain type of person who would excel as an illustrator, the prerequisite being a twist in brain structure, thought processing, and heredity. These people do exist, against odds that make a state lottery look like an aid program. Training is a matter of directing existing skills. I believe that diligence and practice for a person without native skill often leads only to frustration -technical competence without the spark of creativity.
When illustration works, it can work very well. To be effective, an illustration must function on several levels, some intellectual, some emotional. There are no real rules, no checklist, but in addition to being clear, concise, and memorable, certain qualities contribute to the transfer of information:
• Humor is a powerful aid to memory. Experience has shown that a negative outcome (someone missing the value of what is being taught), a bizarre juxtaposition (an inappropriate response, or an object out of place in scale or situation), or a pending disaster tend to stick in the memory more than a smiling cartoon character pointing at what is intended to be learned.
mapping from crystal-lattice vacancy defects to empty parking spaces is swift. Spotting impurity defects in a vacancy (e.g., grocery carts, a cow) takes no time at all. When I asked him what we should use to represent an interstitial defect, his response was to rapidly sketch a sleek motorcycle inserted into an extraordinarily tight space between two parked cars.
ORGANIZATION OF THE CHAPTER
In this chapter I first provide a brief overview of structural geology for non-geologists, using some visual metaphors in order to make unfamiliar territory more familiar. Next I summarize the definitional language of conceptual metaphor and related topics, providing some examples of effective metaphor and analogy in the structural geological literature. 
WHAT DO I HAVE TO DO, DRAW YOU A PICTURE?
As we navigate our individual lives, we are constantly gathering impressions of how the world around us works. Some impressions are big enough to be filed under memorable moments; others are stored as memories; but most are dropped into the subconscious. These minor impressions are not stored in any particular order, but the occurrence of a similar event (moment of conversation, a sound, or smell) brings the stored experience into the light for comparison. What was churning in the subconscious is promoted to a memory and refiled for easier access. Learning has happened.
We have the ability to relate carefully drawn marks on a flat surface to actual objects or actions, and to all of the impressions that come with them -size, weight, color, motion, texture, even joy, or danger -all of our past experiences related to that subject. Not surprisingly, the earliest systems of writing used pictures to specify objects, actions, and sounds in the mind of the reader. Picture-writing has become symbolic, abstracted to where it no longer carries the message deformation fashioned by tectonic, thermal, impact, and/or gravitational forces (Davis et al., 2012) . The geological structures that receive most of the attention occur in mountain belts, which, as products of tectonic loading through plate tectonics, are quasi-organized systems of faulting, folding, and fracturing. For exploration geologists in search of oil, gas, metals, and other natural resources, a grasp of the physical and geometric properties of faults, folds, fractures, and their interrelationships is especially important. Such structural systems can control or disrupt economically viable concentrations of natural resources. Because most exploration today focuses on geological systems beneath the earth's surface, a close familiarity with the processes of formation of the major classes of geological structures is essential to rendering subsurface interpretations that have some chance of being viable. Figure 3 reveals the challenge of seeing into the subsurface. The Ventura anticline, which is so beautifully exposed at its amphitheater locality, appears to be a simple flexure or bending of the strata ( Figure 3A) . However, the economic viability of this structural trap for oil has justified enormous financial investment into subsurface exploration through both reflection seismology and drilling. As a result, we can move from simple geometric models and confront the utter complexity of interplay of folding and faulting of the Ventura structure ( Figure 3B ).
Given the fact that subsurface data and information are always incomplete, development of enhanced 3-D spatial skills is essential to visualizing the 3-D nature of structures and structural systems, and interpreting processes of development. Mastering geometric analysis is essential, but not sufficient. Enhanced 3-D visualization involves much more than seeing geometries. It grows from grounding in how structures and systems of structures evolve. Bond et al. (2015) made this same point. They reported on how different geoscience cohorts managed interpretation of subsurface relationships based on sparse or incomplete datasets. They concluded that those who employed thought processes directed toward geological evolution (and not just upon a static snapshot) made a more effective interpretation (see also Bond et al., 2012) .
Delving into how structures form brings us to the core of how structural geologists think about the earth. The object of analysis is deformation. The study of geologic deformation is independent of scale and focuses on the measurable changes that have occurred or are occurring in a particular volume of rock, no matter how large or how small. Ideally, what is required is comparing the final location of a volume of rock to where it started out; the present orientation of a volume of rock to its original orientation;
• 
STRUCTURAL GEOLOGY Deformation and Detailed Structural Analysis
The very definition of structural geology employs metaphor: structural geology is the study of the architecture of the earth's crust, insofar as that architecture (overall form, design properties, infrastructure, strength, utility, aesthetics) is expressed in in Davis et al. (2012) is introduced through a bowling alley metaphor, with the objective of distinguishing between displacement vectors (connecting initial and final [x,y,z] locations of points in a body) and deformation paths (the actual [x,y,z] step-by-step trajectories) as points in a body travel from original to final locations ( Figure 5 ). Fischer underscored the greater practical value of deformation paths by lighting up the score display with the symbol for rolling a strike (X), as opposed to the symbol for a split (• •) in the case of displacement vectors. Analysis of deformation is not just a part of detailed structural analysis, but is core to establishing (1) the descriptive physical properties of the rock body, (2) the A B the present shape of a volume of rock to its original shape; and the present size of a volume of rock to its original size. Achieving this involves not just tracking the overall 3-D shape of the volume of rock but also determining the displacement paths of individual points throughout the volume. A visual metaphor for this dual tracking is murmuration, that is the term applied to the fluid, ever-changing form of a densely populated flock of birds that moves through the air. The flock, to the structural geologist, appears as if it is deforming in real time (Figure 4 ). If we were to take two time-separated snapshots of the flock, and if we were somehow able to track one of the birds throughout the time interval, we would be able to describe net translation of that bird through a displacement vector, and describe the entire flight interval as the deformation path. Another example of tracking geometric characteristics of geological forms and structures, and (3) a kinematic interpretation of translation, rotation, distortion, and dilation, without reference to what caused these movements in the first place. I find that the advertising art on Rainbow Bread trucks provides a visual metaphor for kinematic analysis ( Figure 6 ) (Davis et al., 2012) . It is straightforward to look at the bill-board-size image and to compare and contrast the original vs. final locations and orientations of individual slices of bread ( Figure 6A ). On this basis, the kinematics can be worked out ( Figure 6B ), including displacement vectors (DV), deformation paths (DP), and the fault slip (S) between adjacent bread slices. Kinematic interpretations are tested through restorations of the deformed volumes to their undeformed state. This too can be carried out at nested scales, ranging from individual crystals to large parts of mountain systems. At stake is trying to determine whether the mapping of the deformed volume can be retro-deformed to a plausible initial state absent gaps and overlaps. Because of the emphasis on the geologic forms of bodies both before and after deformation, structural geologists must continuously build a repertoire of what systems of sedimentary and igneous rocks typically look like in their full, 3-D original states, prior to the application of tectonic forces. Schematic theoretical models will not do. Familiarity with the spectrum of possible starting forms must be drawn from direct observations (in the field) and/or reliable virtual observations (using geophysics, computer modeling, or physical analogue modeling in the laboratory).
Descriptive, geometric, and kinematic analysis is foundational to dynamic analysis (i.e., bringing in causal force and stress), mechanics (the physics of faulting, fracturing, and folding), and behavior of materials (brittle, plastic, and/or viscous responses) as a function of rock type, temperature, pressure, fluid pressure, and strain rate. It is humbling to realize how well William Shakespeare, through metaphor, imparted knowledge about behavior of materials. In Much Ado About Nothing (Act 4, Scene 1), the moral reputation of Leonato's daughter, the maiden Hero, has been falsely besmirched. Leonato is overwhelmed, believing that there may be truth in what is being alleged. He cries out: "Being that I flow in grief the smallest twine may lead me." This metaphor is perfection in terms of principles of rheology and the behavior of materials. Leonato has collapsed onto the ground and in his state of grief believes, apparently, that his full adult body weight can be dragged and pulled anywhere by thin twine . . . without the twine breaking . . . even though everyone knows that the tensile strength of twine is next to nothing. Shakespeare, though metaphor, transforms Leonato into a low-viscosity fluid that can deform without loss of cohesion.
The Practical Challenges of Full Detailed Structural Analysis
Full description of deformation of natural systems is rarely achievable. Field geologists are well aware that bedrock exposures of geologic structures are commonly hidden by vegetation, bodies of water, buildings, and/ or highways. Even for regions of high-quality rock exposure, topographic relief is commonly inadequate to assess how particular geologic structures change in form in the subsurface. For geologists whose exploration targets lie exclusively in the subsurface, drilling data, and seismic reflection profiles -if they exist at A B cross canyons or valleys, and change geometry across a field area. The subsurface counterpart is mapping on the basis of grids of seismic reflection profiles, together imparting a representation of bedding and faulting/ folding at depth. The best representations of total structure are built through the combination of geological mapping, reflection seismology, and physical analogue modeling. Overall there is general recognition that data are never complete, and that informed 3-D visualization is necessary to interpret blank spots in the deformed volume of rock. Figure 8 illustrates the challenge. In the arid Muddy Mountains of Nevada there is a large, impressive exposure of folded Cambrian dolomites. We can pretend that the quality of exposure is only half as good ( Figure 8A ) by covering parts of the outcrop. This would be equivalent to adding vegetation, as would be the case in a wetter climate; or imagining that this scene is not an outcrop but a seismic reflection profile with areas of very poor resolution. The challenge for the geologist is to fill the gaps with an interpretation consistent with what is known, and in a way that is consistent with what we know about basic fold properties and fold evolution ( Figure 8B ). The challenge for structural geologists is commonly accompanied by the exhilaration of putting puzzles together. From where does this exhilaration emerge? Psychologist Roger Shepard (1990) presented artistic renderings of what he called "reversible transformations," which are achieved through translation, rotation, dilation, and the combination of rotation and dilation. These pictures give the illusion of movements through figure-ground ambiguities, which we have all seen in puzzles and cartoons. Figures in the foreground suddenly disappear into the background, and what was originally background emerges in the form of figures in the foreground. The figures appear to be in motion, and thus we see the motions contributing to deformation. Shepard believes that motions such as these are rooted deeply psychologically in our evolved visual systems as human beings, giving rise to our abilities to appreciate symmetrical patterns (Shepard, 1990) . Perhaps this embedded human capacity is why the recognition and reconstruction of patterns in matters of structural geology can at times be so richly satisfying.
METAPHOR AND ITS USE IN TEACHING STRUCTURAL GEOLOGY Metaphor
In any metaphor there is a familiar source (or base) and a less familiar target (Gentner, 1983) . "Shall I compare thee to a summer's day?" (William Shakespeare, Sonnet 18). Thee is the target and day is the source. all -may be quite spotty, thus requiring significant interpolation and interpretation between locations where control exists. Moreover, whether focused on surface or subsurface geology, geologists confront daunting geometric complexity and the metamorphic effects of heat and pressure. Furthermore, all structural systems have evolved progressively over the course of millions of years (e.g., earthquake by earthquake) and it is impossible to decipher the incremental deformation paths when only the end results are available for analysis.
We can imagine the impossibility of interpreting the 3-D orientation and geometry of a fold structure on the basis of an one-dimensional (1-D) record provided by a single well log (see Figure 3B) ; or the challenge of interpreting the 3-D orientation and geometry of a fold structure on the basis of a two-dimensional (2-D) record provided by a single exposure. Take, for example, the fault I once photographed along Cottonwood Road in southern Utah ( Figure 7 ). A road grader had just bladed this part of the road, revealing a clarity of faulting seldom seen in this especially soft, weak bedrock unit (Carmel Formation). The layers of alternating dark and light strata are sharply truncated by the fault. Excellent 2-D exposures of faults like this may actually give us a false sense of security. A 2-D fault exposure may provide a basis for nailing the fault orientation and fault offset, and perhaps even the precise slip direction. But a fault is not simply a line, but rather is a full 2-D surface, commonly elliptical in shape, with a gradient of offset that will range from a maximum to zero. For a given single 2-D fault surface, such as the one captured in Figure 7 , we have no idea where we are positioned relative to this gradient of offset.
The most important insights on geological form and deformation emerge from comprehensive geological mapping. Individual structures reveal their overall geometry when traced as they wrap around hillsides, Conventional metaphors abundantly occur in common speech. The phrase, "He's an early bird" is a good example of a conventional metaphor. Metaphors accelerate understanding by allowing a person to experience one kind of thing in terms of another. Metaphors assert that the two objects being compared are similar on the point of comparison. Within any effective metaphor, it is obvious that the two things being compared are dissimilar in most ways, except for the context in which the metaphor is being framed. Through metaphors, unfamiliar territory becomes understood in terms of familiar territory. As someone who has been carrying out structural geologic and geoarchaeological research in Greece, I am enthusiastic about the origin and meaning of the word metaphor. The Greek root of the word is to carry over or transfer across. In Athens today, metaphorai literally transport you to a different place (Figure 9 ). By using metaphors in teaching, I hope what crosses over is a rapid grasping of difficult concepts. interpreted, usually because they evoke everyday objects and familiar experiences (Gombrich, 1963) . Take, for example, explaining the difference between precision vs. accuracy. The meaning becomes clear with a simple set of images showing three archery targets with arrows stuck in them ( Figure 10 ). Several combinations are shown: low accuracy/high precision, high accuracy/ low precision, and high accuracy/high precision. Figure  11 is yet another simple visual metaphor, wherein the source is a hot air balloon and the target is the four types of displacement and strain. This series of hot air balloons conveys the (1) translation (change in location), (2) rotation (change in orientation), (3) dilation (change in volume), and (4) distortion (change in shape). If designed and drawn well, visual metaphors operate in ways that permit instant understanding, without much need for extended explanation or elaboration. Vicki Williams (1997; also, Williams [internet reference]) wrote, "a visual metaphor is one image or set of images used in place of another to suggest an analogy between the two images or sets of images." One of the finest geological examples of this is captured in the work of structural geologist Terry Engelder (see Davis et al., 2012, p. 247-248) . As distinguished lecturer for AAPG, Engelder (2007) studied craquelure in masterpieces of the Louvre with the geologic structure jointing in mind. Craquelure is the fine pattern of cracks in old paintings (Figure 12 ). Engelder used masterworks as analogue models for development of joints in fractured reservoir rocks, which are among the targets in the exploration for oil and natural gas. He interpreted craquelure as resulting from the energy initially absorbed in the stretching of the canvas of wood, followed by centuries of thermoelastic Gentner (1983 Gentner ( , 2010 has published prodigiously on structure-mapping theory in analyzing the alignment between two represented situations (source, target) and then projecting inferences or propositions. If the source is well structured and clear, experiential learning will take place, and new abstractions may be gained. When alignment is achieved, inferences are projected from source to target. Gentner (2010, p. 769 ) asserts that cognitive processes at work in analogy are fundamental to human cognition and learning. "Aligning and mapping on the basis of shared relational structure is a general learning process that allow young humans to form abstract ideas from ordinary experience, and this ability is massively amplified by language and culture."
Higher-order metaphors include conceptual metaphors, where the understanding of one idea becomes understood in terms of another. Howard Lowry once gave a graduation address with the purpose of underscoring the importance of taking calculated risks in life. The source concept was a child riding a coin-fed hobbyhorse in front of a grocery store. The target was an adult going through life. He said you could ride off into the sunset without ever leaving a grocery store, finishing with: "It is a haunting symbol -this imitation rider on the imitation horse: making all the safe motions and going nowhere." This is a conceptual metaphor.
Visual Metaphor
Conceptual metaphors may be non-linguistic visual metaphors that provide a means for conveying how things are to be seen and understood (St. Clair, 2000) . Ideally, visual metaphors are presented in ways easily 
fundamental reasons that most geologists explain things through metaphor. The processes that geoscientists are attempting to explain and the history that geoscientists are attempting to interpret took place eons ago and involved boundary conditions and forces not precisely known but yet inferred. Through metaphor, the boundary conditions and forces can be appreciated through comparison to something else, something more familiar. Jee et al. (2010, p. 4) pointed out that there is compelling documentation that use of analogy and metaphor helps students achieve understanding, and that new understanding, based upon analogical comparisons, permits students to gain additional new understanding through inference. Once the student connects source and target in his or her mind, inferences can flow forward through a pattern completion that draws upon familiarity with the source. To my mind, the substantive possibilities for inference go well beyond what the teacher may have had in mind because of the wide variations in life experience among students in relation to the source example. However, there can be mistaken mappings or failed mappings from source to target due to differing life experiences. Consequently, it is necessary to avoid real-world source contexts that may be notably less familiar to one demographic. Ruling out certain metaphoric examples as too remote or unfamiliar is normally pretty straightforward. But in certain cases it is prudent to do some advanced testing on, for example, whether detailed structural analysis of a pepperoni pizza will resonate broadly internationally.
Transforming Linguistic Metaphor to Visual Metaphor
One way of creating an excellent visual metaphor is to adapt a particularly effective linguistic metaphor. For example, Hobbs et al. (1976, p. 77-80) described how the propagation of a dislocation in a crystal lattice may be compared to the problem of moving a very large carpet that is loaded down with "large pieces of furniture such as the odd piano and table." Trying to drag the carpet without moving the furniture will not work, unless the floor material is frictionless, like in a hockey rink, for the the gravitational load will cause the tensile strength of the carpet to be overwhelmed. According to Hobbs et al. (1976) , the best approach is to make a carpet-width-long small fold (anticline) at one end of the carpet and then to propagate this fold across the room, "lifting up the legs of pieces of furniture when the need arises. . . The process requires only a small amount of energy at any instant." This metaphor is given greater life through picturing it in cartoon art ( Figure 13 ). contraction and expansion of the base canvas, the chalk/glue ground support, and the binder pigment and varnish. The target of the visual metaphor is the origin of joints and other fractures in a bedrock stratigraphy subjected to gravitational, thermal, and tectonic loading. The source is masterwork paintings.
The Common Use of Metaphor in Teaching Geology
Promoting understanding through metaphor is commonplace in the teaching of structural geology. As pointed out by Jee et al. (2010) , there may be certain Another example illustrates blind thrust faults. Blind thrusts came to the broader attention of the geology and geophysical community in the 1970s and 1980s when several major earthquakes rocked Los Angeles, California. It came as a surprise that the loci of surface damage and ground motion were not concentrated along mapped faults right at the surface of the earth. Instead, hidden faults at depth had been activated. We were blind to these faults. James Jackson (2006 Jackson ( , p. 1912 Jackson ( -1913 described blind thrusting in the following way: "As a useful analogy, imagine sliding the top half of a telephone directory over the bottom half towards the binding; the slip surface would be the fault, but because of the binding, a fold develops at the end of the fault. . . . slip fails to reach the surface." Though this description makes sense to geologists who have already absorbed the concept, the linguistic metaphor, with its telephone book source, is greatly enhanced when transformed to visual metaphor (Figure 14) . The cartoon art fashioned from Jackson's description does not require any words to understand the source (the telephone book), though some written Repositioning the entire carpet in this way does not require moving the entire carpet at one time. Instead, at any one time the slip surface between carpet and floor is very narrow, and thus shifting the carpet requires less work. In the same manner, the movement of a stack of atoms in a crystal lattice can be achieved through propagating atoms (filled circles) through the crystal structure (reprinted from Davis et al., 2012, used elaboration is necessary to transfer this source information to the earth analog target.
Hierarchy of Metaphor
Structure mapping of knowledge is carried out from source object to target object (Gentner, 1983) . Source predicates include two types: object attributes and object relationships. When the source conveys something about the size of the target, the predicate conveys a descriptive attribute. Large is an object attribute and has a simple scalar property (x). In contrast, when the source conveys something about the relationship between two objects, the predicate conveys a higher-order object relationship. Collide is an object relationship, for example, the relationship between two objects (x and y) (Gentner, 1983) . There are yet higher-order predicates as well, for example, one that conveys the dynamic cause of the collision between two objects. This goes above and beyond the nature of the collision between the two objects, or the size of each of the two objects.
The lowest-order metaphor is a literal similarity, for example, a sunflower looks like a sun or the symbol for infinity looks like the number 8 lying on its side (Gentner, 1983) . Gentner referred to this as "a mere appearance match" with sharply limited explanatory power. At a higher order the metaphor conveys "connected knowledge," not a mere assortment of independent facts (Gentner, 1983, p. 162) . Analogy is characterized by the mapping of relations between self-evident. As a teaching device this cartoon can be used as a quick reminder, but not as an opener.
In order to work, visual metaphors should also be chosen with attention to cultural and generational context (Gombrich, 1963) . Student learners enter a new subject area with different life experiences, uneven prior knowledge, and varied cultural backgrounds. Missing may be the experience necessary for a particular metaphor to be grasped. There is one particular visual metaphor in Structural Geology of Rocks and Regions that probably will not hold out much longer because of loss of generational context. The cartoon shown in Figure 16 works effectively for senior and mid-career professionals, that is, those who objects, rather than attributes of objects, from source to target. At a yet higher order of comparison, the metaphors convey general laws. Kastens and Rivet (2010) and Rivet and Kastens (2012) have applied Gentner's (1983) hierarchical value system of the power of analogies to assess pedagogy and learn outcomes in earth and environmental science education, where the use of physical analog models is commonplace and essential. They emphasized, following Gentner (1983) , that the power of analogy comes from uncovering insights into the relationships between objects, thus going well beyond focus on the attributes of objects. Where insights illuminate causality, analogies are operating at their highest and most powerful level. Kastens and Rivet (2010) and Rivet and Kastens (2012) demonstrate that there is promise in systematically evaluating the effectiveness of the various physical analog models, and the pedagogy surrounding them, to deduce whether student learning outcomes elevate toward relationships and causality, or instead simply remain descriptive and literal.
Best Practices in Use of Metaphor
Effective metaphors should be used sparingly and selectively, and discipline must be exerted so as not to mix them. For example, "The new job has allowed her to spread her wings and really blossom." For visual metaphor, pictorial representations should contain just the right level of detail, neither too much nor little (Williams, internet reference). The effectiveness of visual metaphor is importantly dependent upon whether the familiar source object (which becomes mapped to the target) is truly familiar. I have always thought that the cartoon presented in Figure 15 was perfectly clear and effective. This visual metaphor underscores the importance for a geologist to stand in the right place when using the sighting technique for measuring the orientation of bedding in strata. There are many familiar elements in this cartoon: the highway, the road cut, the presence and shape of the warning sign, and the 18-wheeler bearing down on the field geologist in the middle of the highway. The admonition signage reads, "Caution: stand in proper location to sight and measure the line of strike." The geologist on the opposite side of the highway is, indeed, on safe ground and sighting in the proper direction. But for those who have not yet mastered the concept of line of strike there will be little intrinsic understanding of what these geologists are trying to do and what kind of instruments they are using. In short, this cartoon works only for geologists already confident about taking the strike and dip of bedding, and only for them is the meaning instantly lattice, the easier it is for crystal-lattice-scale deformation to take place. This is analogous to making the 15-14-13-12 game easier by pulling out two more chips and playing 13-12-11-10 (reprinted from Davis et al., 2012, used as kids played the 15-14-13-12 game. The goal of this nameless game is to succeed in arranging the 15 tiny square chips into consecutive reverse order within the 16-slot framework available. The open slot is akin to a vacancy defect in a crystal lattice; virtual atoms are permitted to move around the crystal structure by virtue of the vacancy defect. The cartoon envisions how fast the game could be played if two more chips are removed. The target is clear: a crystal lattice with a number of vacancy defects. Because of the multiple vacancies, the lattice is more deformable than it would be if there was only one vacancy. This cartoon is now on borrowed time. Students of the younger generations may never play this addictive and tactile game, and the metaphor will cease to convey meaning.
If visual metaphors are effectively constructed and are consonant with students' experiences, unfamiliar territory may indeed become understood in terms of familiar territory. Figure 17 is an example, where piggyback stacking of truck cabs on railroad flat cars help inform students of the shortening outcomes of thrust faulting. No reading is required to grasp this and few written words are necessary. If done well, the point of a visual metaphor is grasped in seconds, and in a way that is not at all related to language facility, reading ability, or forensic capacities.
Guerra-Ramos (2011) underscored the fact that at some point an analogy or metaphor breaks down. This is where potential gains backfire. Duit (1991) was clear about the advantages of analogies, including enhancing visualization, facilitating understanding, and promoting student interest and motivation. But he points out that misconceptions can be transferred from the source domain into the target domain. Harrison and Treagust (1993) emphasized that teachers need to point out exactly where a given analogy breaks down. An example of breakdown is the cartoon comparison of transform faulting to rush-hour traffic in downtown Los Angeles (Figure 18 ). The intended purpose was to show that only a particular segment of a transform fault is seismically active, namely the segment lying between two oceanic ridges where new sea floor is being generated. The visual metaphor breaks down because the impression is given that flow of new ocean floor travels lengthwise along oceanic ridges, and not perpendicular to the ridges. 
EXAMINING MY USE OF VISUAL METAPHOR The Approach
Though I never before attempted this, Glynn (1991) advised the following six steps in testing the efficacy of analogy and metaphor: (1) introduce the target concept, (2) review the analog concept, (3) identify relevant features of the target and analog, (4) map similarities, (5) indicate where the analogy breaks down, and (6) draw conclusions. In this spirit I found it useful in this effort to review and assess each of the ~67 visual metaphors presented in Structural Geology of Rocks and Regions (see Table 1 ). I classified them into three types. Some of the visual metaphors convey literal similarity, focusing on the basic form or on certain geometric elements of a structure or structural system. These are analogues. For example, the shape of a conical fold is like that of an ice cream cone (Figure 19) . The shape of a chevron fold is like a paper airplane (Figure 20) .
In my classification scheme, the second and third types of visual metaphors convey connected knowledge, either connected kinematic knowledge or connected dynamic knowledge. Kinematic refers to the progressive incremental movements and motions Dynamic refers to the loading (e.g., tectonic, gravitational, thermal, impact) that produced the stress tensor responsible for causing the deformation. Dynamic analysis includes interpreting the rheological conditions (e.g., elastic, plastic, viscous) under which the deformation was achieved. Thick-bedded deeply buried salt formations in tectonic basins respond by internal viscous creep to gravitational loading achieved through deposition of thousands of meters of overlying sediments. The end results include lateral flowage and, in places, complete pinch-outs of the salt. The visual metaphor I designed is gravitational loading by the collective weight of a suburban family sitting on a patio bench made of polydimethylsiloxane, a viscous silicone polymer (Figure 22 ). By human standards the creep is so sluggish that it is not even noticed by any of the family members, who are each wrapped up in doing their own thing. (Davis et al., 2012) . Note that Table 1 contains seven columns. The three different types are distinguished as: literal similarity (literal), connected kinematic knowledge (kinematic), and connected dynamic knowledge (dynamic). Of the 67 visual that describe how the undeformed shape of a geologic object is transformed into its final deformed shape, but without any reference to the causal agents that brought about the deformation. For example, the folding of interbedded limestone and shale is conveyed metaphorically through a photograph of a folded paperback novel (Figure 21 ). The visual metaphor does not stray into consideration of what caused the folding, nor the conditions under which the folding occurred. The history of this deformation of this paperback novel cannot be discerned from this image: It was first soaked in water, then squished with the pressure of two hands, and later impregnated with paraffin and carved a bit for artistic purposes. the object or form itself. These visual metaphors are the least necessary to learning, and yet they do aid learning. Furthermore, they make learning more enjoyable. There may, however, be deeper value to these metaphors conveying literal similarity: They cause students in their daily lives to begin seeing all around them certain forms, geometries, and physical features that remind them of structural geology. I have had students call my attention to slabs of sidewalk on campus that have cracked and slumped, and are thus tilted out of their original horizontality. During the semester in which students are enrolled in undergraduate structural geology, learning continues to take place outside of the classroom, lab, and field; and students encounter and apply this learning when they least expect it. Thus metaphors conveying literal similarity reinforce what they are reading in textbooks, learning in the classroom, and seeing all around them.
Presentation of Results
My only surprise in recording literal-similarity metaphors in Table 1 was seeing how few (just 26%) I employed. I conclude that there is only scant need for literal similarity metaphors given the fact that photographs, line drawings, and sketches can quite adequately communicate the literal properties of geologic structures, though seeing and mapping such structures in the field elevates the literal understanding of geological features. Having recognized that I used literal-similarity metaphors rather infrequently, I became interested in knowing what kinds of structures I chose to introduce this way. Quickly reviewing the nature of the 17 literal similarity metaphors, I grouped them into two categories. Some are helpful in visualizing complex geometries, such as presence and distribution of point defects crystals, the 3-D nature of jointing, and the geometry of folds and faults. Others are winsome and intercept the grind of reading, for example, smoking a cigarshaped stretched pebble, or building a linear structure through constructing a human ladder. For the most part, they contribute to setting the stage for higherorder thinking on kinematics and dynamics.
The metaphors conveying "connected kinematic knowledge" are ones that, in my view, are the most beneficial to 3-D visualization in structural geology. They carry with them explicit or implied motion. Of the 67 visual metaphors, 42% are kinematic. Tectonically induced motion takes place over finite time. When students sense the motion inherent within an otherwise static visual metaphor they begin to see progressive deformation, which is the foundation for understanding and appreciating all deformation. Picturing the kinematic process enhances visualization of the final form, for the origin of the final form becomes more completely grasped. Thus when small metaphors evaluated in this table, 17 are literal, 28 are kinematic, and 22 are dynamic. Next in Table 1 is a column that specifies the nature of the source, that is, the familiar object(s), followed by a column specifying the target, that is, the unfamiliar, more abstract object or concept to be illuminated by visual metaphor. The next three columns are used to assess whether the level of detail is correct, whether the source object is relatable to the readership (relatability), and whether the visual metaphor might break down in ways that are counterproductive (breakdown potential). The seventh column identifies the figure and page numbers for each of the visual metaphors as they appear in the 3rd edition of the textbook, as well as the figure number in this chapter for those visual metaphors reprinted here. These figure numbers are shown in bold.
Analysis
The metaphors conveying literal similarity are fundamentally descriptive, and they provide yet another way for students to connect definitional terms to tangible objects. They are, in some ways, simple prompts that help students relate to the definition of the object or form, and then to aid students in seeing (Davis et al., 2012) .
(continued) bits of the final form are observed, it may be easier to see the whole. Kinematic analysis is treated without reference to physics and mechanics, and thus the number of variables considered in the design of kinematic metaphors is profoundly reduced relative to what might be required in dynamic analysis. Moreover, kinematic understanding requires a strong foundation in characterizing and visualizing 3-D geometries. Because this is the case, undergraduate structural geology courses, as a rule, concentrate a little more on geometric and kinematic analysis, with dynamic analysis receiving slightly less emphasis. Dynamic analysis cannot proceed very effectively until and unless kinematics is understood. Yet another reason for the relatively large numbers of kinematic metaphors may relate to what is not taught in high school curricula. High school students gain experience in dynamic analysis, typically through physics, especially in studying mechanics. In contrast, strain analysis (a core ingredient of kinematic analysis) is never part of a high school curriculum, and thus a geology major's first encounter with strain theory will be in structural geology. Study of strain and deformation tends to be abstract, and this characteristic plus the complete absence of prior experience may be what invites the use of metaphors conveying connected kinematic knowledge.
The metaphors conveying connected dynamic knowledge are the most challenging to design and the most likely to break down. They make up 32% of the sample. Dynamic metaphors tend to break down because of the complexity of dynamic systems, which are marked by multiple variables and parameters that need to be considered in carrying out a robust dynamic evaluation of a structural geological system. Any visual metaphor that focuses on just one or two different variables will have left out some significant considerations and factors on which dynamic interpretations depend. For example, the simple formation of a tension joint (fracture) in sandstone in western Pennsylvania during the formation of the Appalachian Mountains will be the result of some combination of far field regional tectonic stresses, local stress perturbations of the regional stress field, the presence or absence of elevated fluid pressures in the sandstone at the time of fracture origination and propagation, the elastic properties of the sandstone (Young's modulus, Poisson's ratio, fracture toughness), the degree of fracture saturation, the mechanical character of the stratigraphic sequence within which the sandstone is embedded, and the levels of temperature, confining pressure, and strain rate. Moreover, the very establishment of the regional stress field has a plate tectonic manifestation, including rates of applied tectonic loading. As a result of all of this, visual metaphors of a dynamic nature will be marked by sins of omission, that is, not taking enough factors and realities into consideration. Because effective metaphor should by its very nature be clean and simple, any encumbrances of added detail that will better inform the dynamic analysis will cause the metaphor (cartoon) to be much less effective, because of complexity. This does not mean that effective dynamic metaphors cannot be designed and executed. But they need to be rendered in ways that highlight just one or two considerations. For example, the visual metaphor dubbed the "beer can experiment" (Figure 23 ) focuses exclusively on the role of elevated fluid pressure in low-angle thrust faulting. But notice the number of panels needed to convey the nature of the test. Students love the beer can experiment cartoon.
A dynamic metaphor that is quickly grasped because of the tight focus of what is being conveyed is the vehicular weight-limit sign for motorists about to cross the short, narrow Hells Backbone Bridge in Utah (Figure 24 ). This image provides a means for students to see the difference between overall vehicle load vs. traction (in this case, load per tire) in evaluating whether or not a structure, such as a bridge, may fail.
Level of Detail, Relatability, and Breakdown Potential
The assessment resulting in Table 1 reveals that the level of detail in most of the visual metaphors is correct, and that many of the source objects are likely quite familiar to most students in the present collegeage generation. There are exceptions however. The visual metaphor for hot spots is an acetylene torch that sears a line of melting on the upper and lower surfaces of a 78-rpm vinyl record (Figure 24 ). Most college/ university students today, and most faculty, have never laid their eyes on a 78 record. This cartoon may have to be replaced, unless the revival taking place in reintroducing vinyl is successful. As already noted, the 15-14-13 game (see Figure 16 ), conveying the role of vacancies in deformation mechanisms, may make it to a 4th edition, but no further.
On the basis of breakdown potential some of the visual metaphors will need to be eliminated or modified in preparation of the 4th edition of the textbook. A good case in point is a visual metaphor that always receives rave reviews. It was created by Steve Reynolds and illustrates extensional domino faulting through the metaphor of collapsing books on a shelf (Figure 26 ). The breakdown is rarely observed by others, but is clear to structural geologists: the virtual faults are oriented perpendicular to the virtual rock layering, this is never the case in nature. Joints quite commonly are oriented perpendicular to bedding, but faults that accommodate extensional stretching by faulting of a layer are almost always oblique to the bedding. Another visual metaphor that breaks down is a cartoon of vertical scratches produced on a cliff face as a geologist slides down the face, digging his fingernails into the cliff wall in an effort to stop himself ( Figure 27 ). The scratches resemble slickenlines on faults. Slickenlines convey direction of fault motion. This visual metaphor breaks down in at least two ways:
(1) Not all slickenlines form through frictional abrasion; many are expressions of crystal-fiber growth on the fault surface during slip. (2) Slickenlines form in the subsurface, not on steep cliff faces exposed in the landscape. ("Deformation Mechanisms and Microstructures"). These in fact are the chapters whose core material is the most abstract! The chapters that deal with "The Structures Themselves" (Part II) contain fewer metaphors. These chapters are smoother sailing, providing fundamentals to be grasped. Another discovery-observation is that literal metaphors appear most abundantly in the chapter on folding. "Folding" is, without question, that process of deformation that presents the greatest challenges in 3-D visualization. Moreover, the literature on folding is nearly overwhelming in terms of abundance of terms and terminology, and it is pedagogically useful to introduce some "fun" images along the way. ( Figure 28 ). Geologists will be able to see at once that chapters of the 3rd edition (2012) have been deposited unconformably on the tattered upturned edges of earlier editions. The flat-lying chapters on top have thicknesses corresponding to number of pages contained in each. Geologists will grasp the fact that the eroded western slope of the pile of chapters (a slope that students must ascend) is marked by changes in slope angle that relate to the toughness of each chapter. Of course the distribution of visual metaphors within Structural Geology of Rocks and Regions was not planned in advance, but rather is the outgrowth of efforts to try to explain certain matters in a way that can be understood. I infer that metaphor became a necessary cognitive support system in presenting fundamentals.
Viewing the 67 Images Metaphorically

WHAT DO WE LEARN FROM BASIC SCHOLARSHIP ON METAPHOR?
Grounding in Experience
What now interests me most is whether student exposure to a steady diet of visual metaphor enhances the transition from propositional thinking (abstract logic without concrete examples) to visual understanding. I have not tested this, nor would I know how to do so. But cognitive scientist Mary Peterson (University of Arizona, personal communication, February 2013) believes that understanding of pictorial representation becomes enhanced through grounding in experience, which can include, in its many forms, the grounding achieved through effective visual metaphors. As one of her teaching strategies for effective reading of journal articles and textbooks, Mary urges her graduate students to turn immediately to a visual figure when it is first cited. Such timely examination of figures provides grounding in experience that enhances understanding during the very next step: reading and studying that portion of text for which the figure was designed.
Baraslou has published a large body of research emphasizing the proposition that human understanding of abstract concepts is grounded in perceptual experience. Baraslou (2008) presented the question: Do metaphors simply reflect linguistic convention or do they actually represent how people think? He concluded that metaphors play a central role in thought. Lakeoff (1993) pointed out that the familiar source domains in metaphor provide the benefit of rich mental images and knowledge structure. The adjective conceptual in conceptual metaphor is highly significant. Its use underscores the fact that metaphor goes deeper than language or linguistic expression. Conceptual metaphors shape the way we think and act, drawing meaning from grounding in human experiences, and leads the way to understanding one kind of thing in terms of another. Lakeoff (1993, p. 203) noted that metaphor classically has been viewed not as thought, but as language, for example, novel or poetic linguistic expressions where words are used outside of their normal conventional meaning. But he concluded that mapping between conceptual domains is absolutely fundamental, corresponding to and emanating from neural mappings in the brain. Landau et al.
(2010, p. 14) echo this conclusion, in this case in the context of social cognition: ". . . metaphor is not merely a decorative linguistic device; instead, it is a cognitive tool that people use to grasp the abstract concepts that lie at the center of their social fit." Part of the force that drives this is a basic resistance to complexity and abstractness.
Indeed, it is now being argued that conceptual metaphors are modes of thought, not modes of language. Comparable conceptual metaphors turn up in different languages, and this has led some cognitive scientists to conclude that metaphors are perceptually driven (Lakeoff and Johnson, 1980; Feldman and Narayanan, 2004) . Similarly, Barsalou (2008) rejected traditional views that mental relationships between objects are represented by amodal symbols and not by mental images of the scene. Instead, objects and relationships are represented in ways that are dependent upon the brain's modal systems for perception. Barsalou (2008) asserted that human understanding of abstract concepts is grounded in perceptual experience.
The conclusions of Lakeoff and Johnson (1980) are inspiring to me. Metaphors are not just connected with language, but are firmly rooted in reasoning and understanding. Metaphor appears to be central to the human capacity for abstract reasoning, and it unites reason and imagination. Imaginative, creative metaphors can give us new understanding of our experience. Imagination involves seeing one kind of thing in terms of another kind of thing. According to Lakeoff and Johnson (1980, p. 193) , "metaphor is one of our most important tools for trying to comprehend partially what cannot be comprehended totally." Fauconnier and Turner (1994) developed the theory of conceptual blending. Part of this breakthrough was built upon the work of Koestler (1964) , who studied and interpreted the processes of discovery, invention, imagination, and creativity in humor, science, and the arts. Koestler (1964) believed that these processes have in common a pattern that he dubbed bisociation, that is, a blending of elements drawn from previously unrelated, apparently incompatible, matrices of thought. Bisociation involves comparison, abstraction, analogy, and metaphor. Turner and Fauconnier (1995, p. 183 ) (see also Fauconnier and Turner, 2002) concluded that the conceptual domain in conceptual metaphor is nontrivial and conveys a "vast organization of knowledge, such as our knowledge of journey or dreaming or education." Their example of journey is especially apt for this contribution on visual metaphor in structural geology, because Turner and Fauconnier (1995) unpack journey in terms of components that are basic to describing progressive deformation: traveler, path, origin, destination, and so on. mapping as a basic fundamental instinct, and through mapping we try to see ourselves in relation to the broader physical world. We do this through processing information spatially. "Psychologists call this activity cognitive mapping, the mental device by which individuals acquire, order and recall information about their spatial environment, in the process of which they distinguish and define themselves spatially in relation to a vast, terrifying, unknowable world out there" (Brotton, 2012, p. 5) . Brotton (2012, p. 7) points out that a map works through analogy: we come to accept conventional signs as standing in for what they can never truly show. "Maps allow us to dream and fantasize about places we will never see, either in this world or in other, as yet unknown worlds" (Brotton, 2012, p. 14) . This dreaming and fantasizing equally takes us back into the ancient world in deep time.
Conceptual Metaphor
CONCLUSIONS REACHED ON METAPHOR IN STRUCTURAL GEOLOGY
On a strictly pragmatic and focused basis, I reach the conclusion that the visual metaphors that have the greatest potential for amplifying learning the fundamentals of structural geology are kinematic and dynamic in nature. Those visual metaphors that successfully convey kinematic processes in structural geology are likely to be the most effective in grounding 3-D visualization of final forms and shapes. As emphasized earlier, when kinematics of creation of final 3-D forms are grasped, it may become easier to visualize the complete 3-D forms, even when only small bits of the final forms can be observed in the field or in the subsurface. It follows that static visual metaphor cartoons are essential, but not sufficient, and that enhancement of 3-D visualization will profit from deep grounding in experience provided through a steady diet of video-animations of kinematics.
I have withheld until now an inference that, in my mind, powerfully underscores the strength of kinematic metaphors in structural geology. It is yet another contribution of Baraslou (2008, p. 624) : "During the perception of motion, visual simulations similarly arise that go beyond the physical motion present. In motion continuation, viewers simulate the visual trajectory of an object beyond its actual trajectory, falsely remembering anticipated motion." When we as structural geologists falsely remember anticipated motion, we know that our 3-D and four-dimensional (4-D) juices are flowing. Bond (2012) and Bond et al. (2014) reached this same conclusion based upon testing cohort groups (geoscientists) on the validity of their interpretations of subsurface geology. As described earlier, Bond et al. (2014) concluded that the best interpretations were ones produced by those who concentrated on timeframed geological evolution. Interpreters who thought Turner and Fauconnier (1995) concluded that metaphor and analogy are effective across a broad range of social and scientific domains, and that human beings subconsciously blend and integrate vital relations from diverse scenarios. Turner (1997) states that, "Conceptual blending is a fundamental instrument of the every day mind, used in our basic construal of all our realities, from the social to the scientific."
One of the examples used by Fauconnier and Turner (1994) emphasizes the extraordinary human capacity for everyday blending of diverse scenarios. Conceptual blending involves 4-D cross-space mapping of counterparts, and integration of events. The trigger for their principal example was a simple 1993 newspaper report describing a boat race in which a catamaran was barely maintaining a 4.5 day lead over a clipper. Yet this was a virtual race that took place in two different time spaces. The solo catamaran was gliding across the waters in 1993, skippered by someone attempting to eclipse the record for sailing time between San Francisco and Boston. In contrast, the record holder was a clipper ship, which established the record pace in 1853. Fauconnier and Turner (1994) emphasized that this conceptual blending merges facts, reasoning, intentions, imagination, emotions, and expression, though absent from this blending was information regarding weather, route, purpose, players, and the like. For those of us in earth sciences, it is straightforward to map this example to the conceptual blending we carry out in tectonics on a daily basis, for example, comparing and contrasting actual and relative global plate velocities among the tectonic plates and microplates and across the geological eras.
David Brooks (2002) did a nice job of capturing the meaning and significance of conceptual blending in lay terms. He has readers think about analogy, metaphor, and conceptual blending at work in the phrase, "American dream." Most Americans grasp this phrase immediately, but, as emphasized by Brooks, to do so requires blending all the things that underpin what is meant by the word America with all the associations we have with dreaming. The process that brings us to grasping American dream is imagination. Our imaginations connect one set of perceptions to another. "The imagination builds fantasy landscapes and experiences and then moves into them to see what they're like." This is what cartoons can do, and can introduce.
Structural Mapping and Geologic Mapping
With the emphasis of the importance of cognitive structural mapping (Gentner, 1983 (Gentner, , 2010 , it is not possible to resist thinking about mapping in general, especially given Brook's emphasis on the role of imagination in building fantasy landscapes. Brotton (2012) thinks of creative imagination and broad versatility in artistic media. Over the years, David and I have worked closely together in ways that resulted in his rendering of almost all of the ~67 cartoon illustrations in the textbook. David took my concepts, preliminary drawings, and/or write-ups for new cartoons and elevated them, with skill and simplicity, to more novel, innovative, and nuanced levels. I thank John Wiley & Sons for permission to republish these here.
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I dedicate this chapter to my late friend, colleague, and co-author Chuck Kluth, whose love of 3-D structural geology was consummate.
hard about geologic evolution increased by 40X their odds for coming up with a correct interpretation.
On a deeper and more philosophical level, I resonate to the degree to which McShea (2013) placed emphasis on the absolute necessity of metaphor in science: "If interdisciplinary communication is going to work, we need to avoid the language of equations and formalisms and speak instead in the language of example and analogy. My experience is that there are very few concepts in science that cannot be translated without loss into everyday terms. It takes some work, and some art, but it can be done. We should all try harder."
With this in mind, I close with a particularly challenging and illusive dynamic concept in structural geology and engineering known as fracture toughness, which is a material property defining the capacity to resist fracture. It represents the amount of stress required to cause activation and propagation of a preexisting crack, void, weld, flaw, discontinuity, or other potential zone of weakness. Its value is a function of magnitude of loading, applied stress, material thickness, direction of loading, structural geometry, flaw length, plastic energy, and more. I once threw up my hands in trying to write an accurate and accessible description of the concept of fracture toughness for my undergraduate students. Thankfully, visual metaphor came in handy once again, and gave me, at the very least, a starting point for entering this terrifying unfamiliar interdisciplinary terrane (Figure 29 ).
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